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ABSTRACT Globins are respiratory proteins that reversibly bind dioxygen and other small ligands at the iron of a heme
prosthetic group. Hemoglobin and myoglobin are the most prominent members of this protein family. Unexpectedly a few years
ago a new member was discovered and called neuroglobin (Ngb), being predominantly expressed in the brain. Ngb is a single
polypeptide of 151 amino acids and despite the small sequence similarity with other globins, it displays the typical globin fold.
Oxygen, nitric oxide, or carbon monoxide can displace the distal histidine which, in ferrous Ngb as well as in ferric Ngb, is bound
to the iron, yielding a reversible adduct. Recent crystallographic data on carboxy Ngb show that binding of an exogenous ligand
is associated to structural changes involving heme sliding and a topological reorganization of the internal cavities; in particular,
the huge internal tunnel that connects the bulk with the active site, peculiar to Ngb, is heavily reorganized. We report the results
of extended (90 ns) molecular dynamics simulations in water of ferrous deoxy and carboxy murine neuroglobin, which are both
coordinated on the distal site, in the latter case by CO and in the former one by the distal His64(E7). The long timescale of the
simulations allowed us to characterize the equilibrated protein dynamics and to compare protein structure and dynamical
behavior coupled to the binding of an exogenous ligand. We have characterized the heme sliding motion, the topological
reorganization of the internal cavities, the dynamics of the distal histidine, and particularly the conformational change of the CD
loop, whose ﬂexibility depends ligand binding.
INTRODUCTION
Globins are water-soluble respiratory proteins that revers-
ibly bind dioxygen and other small ligands at the iron of a
heme prosthetic group that is buried in a highly conserved
a-helical globin fold. Hemoglobin (Hb) and myoglobin (Mb)
are the most prominent members of this protein family (1).
In 2000, neuroglobin (Ngb), a new member of the vertebrate
globin family, was discovered (2).
Ngb, a single polypeptide of 151 amino acids, is expressed
in the nervous tissues. Despite the small sequence similarity
to the other globins (,25% of sequence), Ngb conserves a
number of canonical residues: among others, a proximal his-
tidine His96(F8) that binds to the heme iron, and a distal his-
tidine His64(E7) facing the binding site of O2 and other
diatomic ligands (3,4). However, in contrast to Mb and Hb,
in the absence of exogenous ligands both the ferric and the
ferrous forms of Ngb are hexacoordinated to the distal and the
proximal His residues (5,6); in the absence of an exogenous
ligand, they are conventionally referred to as unliganded
states. In the presence of ligand binding with O2 and CO, only
the ferrous form is observed.
Binding of O2, CO, and NO to the ferrous heme iron
displaces His64(E7), to yield a reversible adduct. This re-
action implies a competition between the exogenous ligand
and the endogenous His64(E7), the rupture of the sixth coor-
dination bond being a prerequisite for binding. The kinetics
of this process has been studied by stopped-ﬂow and by laser
photolysis of the adducts of reduced Ngb with O2, CO, and
NO (5–11). Rapid mixing kinetic data showed that binding
of an exogenous ligand to reduced deoxy Ngb is slow (t1/2 ¼
;1 s) and ligand concentration independent, as expected.
The three-dimensional structure has been solved by x-ray
crystallography for the unliganded ferric Ngb from man and
mouse (3,4) and for the CO-bound ferrous form (12). The
latter article showed that binding of CO is associated to
structural changes involving a signiﬁcant heme sliding and a
topological reorganization of the internal cavities; in partic-
ular, the huge internal tunnel connecting the bulk to the ac-
tive site (a peculiarity of Ngb) is topologically reorganized.
The physiological role of Ngb is not well understood.
Average Ngb concentration seems too low (,1 mM) to play
a Mb-like role in transport or storage of O2, although this
function is not yet excluded. A remarkable neuroprotective
role of Ngb has been convincingly demonstrated, since up-
regulation of Ngb expression was observed under hypoxia or
ischemia in vitro and in vivo; more important, neuronal sur-
vival after hypoxia was impaired by inhibiting Ngb expres-
sion and enhanced by overexpression (13,14). Therefore,
Ngb is involved in activating a neuroprotective mechanism
of response to hypoxia and ischemia in the brain, and plays a
role in the recovery from stroke (14). However, the bio-
chemical mechanism involved is still a conundrum.
Molecular dynamics (MD) simulations have provided
important insight into the structure and function of globins
such as Mb and Hb (15–20). Recently, extended MD sim-
ulations allowed us to follow the CO migration in the interior
of myoglobin, as well as the effects of mutations and trapped
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CO on the Mb structure and cavities dynamics (21,22), in
correlation with experimental studies (23–25).
This article reports the results of extended (90 ns) MD
simulations of deoxy and carboxy murine Ngb in water. The
purpose is to compare the structural dynamics of deoxy and
carboxy Ngb in solution, in particular the heme group mo-
tion and the related internal cavities ﬂuctuations that appear
so peculiar compared to other globins. To this end, the same
oxidation state has been chosen. Starting from the crystal-
lographic coordinates (12), our MD results show a large am-
plitude motion of the heme in NgbCO and a corresponding
large ﬂuctuation of the cavities. In addition, we have doc-
umented a ﬂip/ﬂop motion of the CD loop upon CO binding,
which is correlated to the His64(E7) conﬁguration and seems
to be particularly signiﬁcant to evaluate the possible role of
Ngb as a molecular signal transducer involved in neuropro-
tection (26,27).
METHODS
The starting coordinates employed for the simulations were taken from the
x-ray structure of CO-bound ferrous murine Ngb at 1.7 A˚ resolution (PDB
entry 1w92) (12); in the case of deoxy Ngb, we used the 1.5 A˚ resolution
structure of murine ferric bis-histidine Ngb (PDB entry 1q1f) (4). The
crystallographic structures were obtained with a Ngb mutant (C55S/C120S),
since the presence of oxidizable cysteines in the wild-type protein hindered
crystallization. Murine ferric Ngb shows the presence of two different
protein conformers (relative occupancy;70:30) due to heterogeneity of the
heme group orientation, for a 180 rotation around the a-g meso axis (4,28);
also the proximal His96(F8) and the distal His64(E7) histidines assume two
conformations, with the same ratio of occupancy. In the deoxy Ngb sim-
ulation, we have used the crystal structure of the conformer with the major
occupancy and simply assigned the ferrous oxidation state to the metal.
To determine the partial charges of the hexacoordinated heme in deoxy
and carboxy Ngb, we performed the quantum chemical calculations on the
isolated bis(imidazole) ironII porphyrin [FeIIP(Im)2] complex and the
carboxy-imidazole ironII porphyrin [FeIIP(CO)(Im)] complex, respectively.
Density functional calculations, Becke’s three parameters exchange (29),
and Lee, Yang, Parr correlation (B3LYP) (30) were performed. All our quan-
tum chemical calculations were carried out using the GAMESS US package
(31). In the GROMOS force ﬁeld, the heme iron neighbor has been deﬁned
through a single charge group with the following partial atomic charges:
0.4 e for the iron and 0.1 e for the four pyrrolic nitrogen atoms. Therefore,
we have chosen to change only the iron charge group. We used the Ahlrichs
VTZ basis set (32) for the iron and the 6-3111G* basis set for the nitrogen
atoms of the heme and the heteroatoms of the imidazole and carbon mon-
oxide molecules. We have used the 3-21G basis set for the rest of the system
and for all hydrogen atoms. The partial charges have been obtained from the
CHELPG algorithm, and the ﬁtted charges have been constrained to exactly
reproduce the total charge and the calculated dipole moment of the system.
In conclusion we have chosen the following set of partial charges: for deoxy
Ngb, 0.3 e for the iron and 0.075 e for the pyrrolic nitrogen atoms, while
for carboxy Ngb, 0.6 e for the iron and 0.15 e for the heme nitrogen
atoms; for the CO bound to the hexacoordinated ferrous heme, we have used
0.17 e for the carbon and 0.17 e for the oxygen atom.
Each protein was solvated in a box with explicit single-point charge water
molecules (33), large enough to contain the protein and 0.8 nm of solvent on
all sides. The total number of atoms for the systems was ;21,000.
MD simulations were performed with the GROMACS software package
(34) using GROMOS96 force ﬁeld (35). The additional parameters for
hexacoordinated heme and bound CO were taken from the GROMOS force-
ﬁeld parameter sets 53A6 (36). Simulations were carried out at constant
temperature of 300 K within a ﬁxed-volume rectangular box using periodic
boundary conditions. The LINCS algorithm (37) to constrain bond lengths
and the rototranslational constraint algorithm (38) were used. The initial
velocities were taken randomly from a Maxwellian distribution at 300 K and
the temperature was held constant by the isothermal algorithm (39). By us-
ing dummy hydrogen atoms (40), a time step of 4 fs could be chosen; we
have also redistributed the water oxygen mass on the hydrogen atoms to
improve the stability of the simulations. The particle mesh Ewald method
(41) was used for the calculation of the long-range interactions with a grid
spacing of 0.12 nm combined with a fourth-order B-spline interpolation to
compute the potential and forces in between grid points. A nonbond pair list
cutoff of 9.0 A˚ was used and the pair list was updated every four time steps.
For all systems, the solvent was relaxed by energy minimization followed by
100 ps of MD at 300 K, while restraining protein atomic positions with a
harmonic potential. The systems were then minimized without restraints and
their temperature brought to 300 K in a stepwise manner: 50 ps MD runs
were carried out at 50, 100, 150, 200, 250, and 300 K, before starting the
production runs at 300 K.
We used the essential dynamics technique (42) to characterize the dy-
namical behavior of the protein.
The package SURFNET (43) was used for detecting the cavities and cal-
culating their volumes. In this program, gap regions are deﬁned by ﬁlling the
empty regions in the interior of the molecule with gap spheres of variable
radius (Rmin ¼ 1.0 A˚ and Rmax ¼ 3.0 A˚, in our case). These spheres are then
used to compute a three-dimensional density map that, when contoured,
deﬁnes the surface of the gap region. Cavity volumes were evaluated without
taking into account the presence of the water and of CO in the case of
carboxy Ngb simulation. A cavity is considered exposed if the SURFNET
program shows a continuity between the cavity and the solvent.
RESULTS
The root mean-square deviation of Ca atoms (data not
shown), obtained from deoxy and carboxy Ngb (NgbCO)
simulations with respect to their crystallographic structures,
shows that within 15 ns the two trajectories reach values of
;1.8 A˚ and ;2.4 A˚, for the deoxy Ngb and NgbCO re-
spectively; a small drift is then observed up to 90 ns. The
residue-based root mean-square ﬂuctuation for Ca (data not
reported) shows that the main root mean-square ﬂuctuation
difference between deoxy and NgbCO is located around the
residue Glu80, in the EF loop. The drastic reduction of the EF
loop ﬂuctuation in NgbCO with respect to deoxy is in agree-
ment with the x-ray diffraction data (12).
The motion of the heme in the NgbCO simulation was
monitored with the essential dynamics analysis, which was
performed on all the heme atoms (with the exception of the
terminal propionic chains). The eigenvectors with large
eigenvalues correspond to the principal directions of motion
of the heme group. The motion associated to the ﬁrst eigen-
vector (Fig. 1 A) is revealed to be, essentially, a rototransla-
tional displacement in the direction from D to B pyrrole rings
(Fig. 2): the two extreme heme conﬁgurations onto the ﬁrst
essential eigenvector correspond to a total displacement of
;1.85 A˚ for the heme iron. The rotation around an axis par-
allel to the macrocycle average plane, centered in the iron
atom and in the direction connecting the A and C pyrrole
rings, is ;9 for the two extreme conﬁgurations. This
Neuroglobin MD Simulations 435
Biophysical Journal 93(2) 434–441
rototranslational motion corresponds to the heme sliding
movement observed in comparing the crystal structures of
NgbCO and metNgb (12). It has to be noted that the position,
which corresponds to the positive value of the trajectory pro-
jection (Fig. 1 A), is not allowed in NgbCO crystal structure,
due to close contacts between the CO bound to the heme and
the distal His64(E7); however, a displacement of the latter
(,1 A˚ measured on the His64 side-chain center of mass)
drastically reduces the atomic hindrance, although never cor-
responds to the different conformations identiﬁed inMb and un-
derlying the generally called histidine-gate mechanism (44).
The free energy landscape of the heme displacement was
calculated by the use of the potential of mean force method
(45), as reported in Fig. 1 B. The abscissa refers to a direction
connecting the two extreme positions of the heme in the sim-
ulation. The free energy plot shows a minimum at 1.7 A˚, a
position corresponding to that seen in the metNgb crystal
structure. The position of the heme in the NgbCO crystal
structure (;0.3 A˚ in Fig. 1 B) corresponds to an almost ﬂat
region whose free energy value is;5 kJ/mol higher than the
minimum.
In Fig. 3 (upper panel), the trajectory of the distal
His64(E7) x1 torsion angle is reported for both derivatives.
While for deoxy Ngb the side-chain conformation of the
His64(E7) is blocked (shaded line) because of its covalent
bond with the heme iron, in the NgbCO simulation (solid
line) His64(E7) is free to ﬂip between two different confor-
mations corresponding to two different values of x1 torsion
angle. In Mb, identical values of the x1 torsion angle cor-
respond to the opening and closure of the so-called histidine
gate, although the dynamical behavior of the distal histidine
FIGURE 1 (A) Trajectory of the heme displacement along its ﬁrst essential
eigenvector in carboxy Ngb (upper panel) and deoxy Ngb (lower panel). The
position of the heme in the crystal structure of carboxy Ngb (upper panel)
corresponds to the negative (;0.5) values at t ¼ 0 and t ¼ ;65 ns. In the
remaining part of the simulation the heme group position roughly corresponds
to its position in the metNgb crystal structure. (B) Mean force with their
standard deviations (upper panel) and heme group free energy landscape
(bottom panel). Brieﬂy, the method is based on the choice of a direction and on
the calculation of the mean force acting on the heme center of mass along this
direction. The mean force corresponds to the free energy gradient.
FIGURE 2 Extreme conﬁgurations assumed by the heme during the
carboxy Ngb simulation, corresponding to extreme values of the projection
onto the ﬁrst essential eigenvector.
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His64(E7) neighboring residues is quite different in the two
proteins; thus while in Mb the His64(E7) rotation causes the
opening and the closure of the so-called histidine gate (44),
in Ngb it is on the other hand associated to a substantial
downward displacement of helix E, as can be noted in Fig. 3
(lower panel) where the trajectory of the distance between
the heme iron and the distal histidine Ca atom is reported.
Fig. 3 also shows that the displacement of helix E is highly
correlated with the distal His64(E7) x1 torsion angle, while
no correlation is observed with the heme position (Fig. 1 A).
The Ca atom displacements toward the heme group of the
residues Phe61, His64, Lys67, and Leu70 of the E helix are
1.7 A˚, 1.3 A˚, 0.9 A˚, and 1.0 A˚, respectively, corresponding
to a rototranslational motion of this helix.
Although no opening of the so-called histidine gate is
observed in Ngb, we will refer the two states of the x1 torsion
angle as open and closed. The conﬁguration of the His64(E7)
x1 torsion angle is also correlated to the conﬁguration of the
CD corner, composed by the a-helices C and D and the CD
loop. In fact, when the His64(E7) is in the open conﬁguration,
the CD loop ﬂips between the two conﬁgurations reported in
Fig. 4. It has to be noted that in the crystal structure the
distance between the His64(E7) Ca and the center of the CD
loop, represented by the Asn45 Ca, is 14.3 A˚ and that the
maximum displacement of the Asn45 Ca in the simulation is
;5 A˚. The dynamical behavior of the CD corner has been
studied by the essential dynamics analysis. In Fig. 5, we
FIGURE 3 (Upper panel) Trajectory of the distal histidine His64 x1 tor-
sion angle for carboxy (solid line) and deoxy Ngb (shaded line). (Lower
panel) Trajectory of the heme iron-His64(Ca) distance for carboxy (solid
line) and deoxy Ngb (shaded line).
FIGURE 4 Extreme conﬁgurations assumed by the CD corner (A and B)
during simulation, corresponding to extreme values of the projection onto
the ﬁrst essential eigenvector.
FIGURE 5 Distribution of the projection onto the CD corner ﬁrst essential
eigenvector, for deoxy Ngb (lower panel) and carboxy Ngb (upper panel),
corresponding to the distal His64(E7) closed (solid line) or open (dashed
line) conﬁguration. The lower-case letters a and b on the bottom are referred
to the extreme conﬁgurations assumed by the CD corner.
Neuroglobin MD Simulations 437
Biophysical Journal 93(2) 434–441
report the distribution of the projection of its trajectory onto
the ﬁrst essential eigenvector. A bimodal distribution is
observed when the His64(E7) is in the open conﬁguration and
the distance between the His64(E7) Ca and the heme iron is
small; conversely, when the His64(E7) is closed and the
His64-Fe distance increases, a unimodal distribution is ob-
served. It can be concluded that the CD corner conforma-
tional state is correlated to the His64(E7) conﬁguration. As
can be noted in Fig. 4, both helices C and D show a quite
large angular ﬂuctuation around an axis perpendicular to the
helix axis. This ﬂuctuation occurs for both conﬁgurations
and corresponds to a maximum angular displacement of
;9. The same essential dynamics analysis has been carried
out in deoxy Ngb. The results, reported in Fig. 5 (bottom
panel), show that a single sharp band is observed, whose
position is close to the one observed for the NgbCO. The in-
creased stiffness is likely to derive from the distal His64(E7)
coordination to the heme iron. The clearcut change in confor-
mation of the CD loop is an interesting feature that may be
relevant to the putative role of Ngb in controlling a Gabg-
protein transduction pathway (26), given that the mutant
Glu53(D3) to Gln has lost this function (27). An upward mo-
tion of the CD loop upon ligand binding has been previously
reported for other globins (46). Although the direction is
comparable to that observed in the present simulation, the
amount of motion in Ngb is much larger.
Similarly to Mb, Ngb shows the presence of several
internal cavities. In Mb, their function has been actively
investigated by time-resolved spectroscopy, Laue diffraction
and by MD simulations (21,23–25,47), which showed that
the photolyzed CO migrates in between these cavities. Fig. 6
shows the cavities as calculated for the unliganded metNgb
(Fig. 6 A) and the NgbCO (Fig. 6 B) from the crystallo-
graphic coordinates. The calculations show that the large
(;247 A˚3) internal tunnel so peculiar to metNgb (3,4) is
reshaped after CO binding: the branch at the proximal heme
side is occupied by the heme and the large cavity extends on
the distal side, in agreement with crystallography (12), al-
though calculations suggest that CO binding is associated to
an increase of its total volume to;327 A˚3. These results are
in agreement with those reported in previous x-ray studies
(12) (287 A˚3 and 306 A˚3, respectively); we tend to believe
that the small differences between experiments and simula-
tions may have to be ascribed to the different package setups
used for the analysis. The cavity on the distal side, cor-
responding to the Xe4 site in sperm whale Mb (48), is not
appreciably modiﬁed (Fig. 6, A and B). In both crystal
structures we calculated a second minor gap near the large
cavity, which topologically corresponds to the so-called
phantom1 cavity (Ph1), detected in sperm whale Mb by MD
simulations (21,22). Moreover we notice that in the metNgb
crystal structure (Fig. 6 A), the Xe2 cavity is connected to the
FIGURE 6 Main cavities in unliganded
metNgb (A) and carboxy Ngb (B) crystal struc-
tures, detected by the package SURFNET (43).
Main cavities in carboxy Ngb as detected from
molecular dynamics simulation: two sample con-
ﬁgurations, in which the cavities are fully con-
nected (C) or separated (D) are reported. Xe1 is
delimited by Leu92(F4), His96(F8), Phe106(G5),
andMet144(H9), Xe3 byAla75(E8), Leu136(H11),
and Val140(H15), while Xe4 is surrounded by
Gly24(B6), Leu27(B9), Phe28(B10), Ile65(E8),
Val68(E11), and Met69(E12). The central large
cavityXe2 is delimitedby Ile72(E5), Tyr137(H12),
and Val140(H15) side chains. Finally the Ph1
cavity is delimited by Trp13(A12), Leu113(G12),
Met116(G15), Leu117(G16), and Trp133(H7).
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Xe1 and Xe3; in NgbCO, the Xe2 cavity includes also the
distal pocket (Fig. 6 B).
In the MD simulations of Ngb, these cavities ﬂuctuate
considerably with a behavior comparable to that observed for
Mb (21,22). A snapshot from the NgbCO simulation, show-
ing a large coalescence among the different cavities, is de-
picted in Fig. 6 C. Conversely, when the cavities are well
separated, they are more similar to those identiﬁed in Mb as
reported in Fig. 6D (see the correspondence to the Xe1, Xe2,
Xe3, Xe4, and Ph1 cavities of Mb). These cavities are coated
principally by hydrophobic side chains (see Fig. 6 legend),
from residues topologically corresponding to those delimit-
ing the Xe cavities in sperm whale Mb (49); we notice that
they are highly conserved in Ngb over a wide range of
species. Furthermore, residues such as Trp13(A12), Gly24
(B6), Val68(E11), Leu92(F4), and Leu117(G16) are conserved
in murine and human Mb, Hb (a and b units) and Cytgb, and
also in other Mbs.
CONCLUSIONS
We have reported the results of extended (90 ns) MD
simulations of deoxy and carboxy murine Ngb in water, and
compared the results to the experimental x-ray data (4,12)
and to the previously reported simulations of sperm whale
Mb (21,22).
In the deoxy Ngb simulation, the heme position corresponds
to the one observed in the metNgb crystal structure (4). On the
other hand, in NgbCO the heme rapidly ﬂuctuates between
two positions that roughly correspond to the metNgb and the
NgbCO crystal structures (Fig. 1 A). It has to be noted that the
former position is not allowed in the NgbCO crystal structure,
due to close contacts that would occur between bound CO and
the distal His64(E7); however, the simulation indicates that
small displacements of His64(E7) side chain drastically reduce
atomic hindrance. Therefore our data show that the fairly large
repositioning of the whole heme associated to CO binding to
deoxy Ngb is a surprisingly fast process, occurring within
the time window of the 90 ns MD simulation (Fig. 3).
According to the PMF calculation, the free energy differ-
ence between the two conformers is ;5 kJ/mol, apparently
with no free energy barrier in between (Fig. 1 B). In the
NgbCO simulation, the distal His64(E7) populates two dif-
ferent conformations (Fig. 3) that correspond to two different
x1 torsion angle values; these values happen to be the same
observed in Mb simulations and found to correspond to the
opening and closure of the so-called histidine gate (44).
However, the dynamical behavior of the distal His64(E7)
neighbor is quite different in the two proteins. InMb, the distal
His64(E7) rotation is the crucial event causing the opening and
closure of the histidine gate, which has been correlated to the
ligand entry and escape (50). On the other hand, in Ngb this
conformational transition is associated to a substantial
downward displacement of a-helix E, while no correlation
is observed with the heme position (Fig. 1 A).
More interesting is the ﬁnding that in Ngb the conﬁgu-
ration of the His64(E7) x1 torsion angle is correlated to the
dynamical behavior of the CD corner (Fig. 5), composed by
the a-helices C and D and the CD loop. When the distal
His64(E7) is in the closed conformation, the CD corner
populates a conﬁguration that roughly corresponds to that ob-
served in the metNgb crystal structure; conversely, when the
distal His64(E7) ﬂips to the open conformation, the CD loop
conﬁguration is characterized by a bimodal distribution (Fig.
5). It may be of great signiﬁcance to the interpretation of the
physiological role of Ngb that Glu53(D3) in the CD corner
seems to play an essential role in the GDI function of this
protein since mutation to Gln53(D3) abolishes this role (27).
As reported for Mb, also in Ngb several internal cavities
have been observed by crystallography. In metNgb crystal
structure a very large tunnel (;300 A˚3), overlapping the Xe1,
Xe2, and Xe3 cavities reported in Mb (48), is observed (3,4);
in addition two smaller cavities, almost corresponding to the
Xe4 (48) and Ph1 (21,22) cavities in Mb, are detected. Upon
CO binding, the sliding motion of the heme is associated to
reshaping of the large cavity, which (according to our MD
simulations) slightly increases its volume extending to the
distal pocket. The simulations show that these cavities ﬂuc-
tuate considerably, which is similar to the behavior observed
in sperm whale Mb (21,22). In some frames, frequent con-
nections between different cavities, as well as connectivity
with the solvent, are observed (Fig. 6C); conversely, when the
cavities are well separated, they show a much more obvious
correspondence to the Xe1, Xe2, Xe3, Xe4, and Ph1 cavities
of Mb (Fig. 6 D). This observation helps in appreciating that
the observed large tunnel so peculiar to Ngb is somehow an
evolution and ampliﬁcation of the set of cavities detected in
the Mbs. Thus it may be suggested that the web of internal
cavities present in the globins all share a common origin,
although some clearcut variations are seen in their individual
volumes. Given that Ngb is a very ancient protein (which is
highly conserved among vertebrates) (2), it is a challenge to
unveil the mechanistic signiﬁcance of the large tunnel and its
ﬂuctuations for the physiological role of Ngb. Structural data,
including crystallographic information and MD simulations,
suggest that a likely role of this tunnel is to provide a space
available to accommodate the heme upon the ligand-linked
sliding motion (12). Whether these conformational changes
are involved in modulating the in vivo function of Ngb
remains to be established. Nevertheless, the correlation be-
tween the conformational change of the CD corner and the
x1 torsion angle of His
64(E7) appear consistent with the hypo-
thesis that this is a crucial event in controlling theGDI activity
of Ngb and thereby its neuroprotective role, via the Gabg
signal transduction pathway (26,27).
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